Abstract: We present analyses of ∼1250 variable sources identified in a 20 square degree field toward NGC 2784 by the KMTNet Supernova Program. We categorize the variable sources into three groups based on their B-band variability. The first group consists of 31 high variability sources with their Bband RMS variability greater than 0.3 magnitudes. The second group of medium variability contains 265 sources with RMS variability between 0.05 and 0.3 magnitudes. The remaining 951 sources belong to the third group of low variability with an RMS variability smaller than 0.05 magnitudes. Of the entire ∼1250 sources, 4 clearly show periods of variability greater than 100 days, while the rest have periods shorter than ∼51 days or no reliable periods. The majority of the sources show either rather irregular variability or short periods faster than 2 days. Most of the sources with reliable period determination between 2 and 51 days belong to the low-variability group, although a few belong to the medium-variability group. All the variable sources with periods longer than 35 days appear to be very red with B − V > 1.5 and V − I > 2.1 magnitudes. We classify candidates of 51 Cepheids, 17 semi-regular variables, 3 Mira types, 2 RV(B) Tauri stars, 26 eclipsing binary systems and 1 active galactic nucleus. The majority of long-term variables in our sample belong to either Mira or semi-regular types, indicating that long-term variability may be more prominent in post-main sequence phases of late-type stars. The depth of the eclipsing dips of the 26 candidates for eclipsing binaries is equivalent to ∼0.61 as the average relative size of the two stars in the binary system. Our results illustrate the power of the KMTNet Supernova Program for future studies of variable objects.
INTRODUCTION
The study of variable objects in astronomy is fundamental and encompasses a wide array of sources with different physical natures. Variable objects, by definition, exhibit non-constant fluxes; thus, they include objects which appear to be variable for a number of different reasons. Some of these sources are intrinsically variable while others vary because of their orientation to the observer. For example, a pulsating or exploding star can exhibit substantial variability due to its intrinsic physical phenomena, whereas an eclipse of an object by another object leads to variability owing to their geometrical orientation with respect to an observer.
Intrinsic variable signatures often arise in objects with inherently fluctuating profiles and/or more extreme phenomena. Some stars have very long periods of variability, where the pulsation can last several hundred days and cause differences of several magnitudes in brightness-Mira type and Cepheid variables are such examples of long-period variability. There are other
Corresponding author: M. Y. He variable stars with short periods less than one day such as the RR Lyrae and δ Scuti stars. They provide important clues for the understanding of the internal structure of late type stars along with their evolution (Cox 1980; Percy 2007) . Cepheids vary with periods of a few to about one hundred days. Empirically it has been determined that longer periods correspond to higher intrinsic brightnesses (Leavitt & Pickering 1912) . The reliability of this relation makes them excellent standard candles for distance determination and contribute to the determination of the age of the Universe (Hubble 1929; Freedman et al. 2001; Freedman & Madore 2010; Riess et al. 2016 ). More abrupt variabilities have been observed, including novae, supernovae and gamma-ray bursts which are of great importance and interest in modern astronomy, including the identification of the accelerated expansion of the Universe (Perlmutter et al. 1998) .
Variability caused by geometrical configuration of two objects are, on the other hand, usually from eclipsing binaries and transiting exoplanetary systems. It is estimated that at least half of all stars are in binary pairs (Percy 2007) , with only a small fraction of those actually in an eclipsing configuration. Eclipsing variables, in most cases, involve two stars in close proximity since a smaller separation gives a greater probability that the stars will overlap in the line of sight. A peculiar complication is that the variability of very close eclipsing binaries may not be solely due to the eclipses themselves, but also due to some intrinsic variability of the stars caused by the physical interactions they have with one another (Hilditch 2001) . The dips in the light curves of a host star in an exoplanetary system is attributed to geometrical blocking of stellar light by a transiting planet, which gives crucial information for estimating the key physical parameter of the transiting planet (Mandel & Agol 2002) .
With the recent increased availability of larger telescopes (e.g., > 1 m) with a large field-of-view (FoV; e.g., > one square degree field) for conducting time-series surveys, it has now become possible to systematically extend the study of variables to low amplitudes at the level of milli-magnitudes and also to faint (e.g., B > 21 magnitudes) objects. This can not only increase Figure 2 . Left: Histograms of the RMS (root mean square) variability in B filter, for all the objects (top) and just the ones with low RMS variability < 0.1 magnitudes (bottom). Right: Histograms of the periods as given by the Fourier transforms, including all periods (top) and just low periods < 10 days (bottom). Note the logarithmic y-scale in the two top plots and the linear y-scale in the two bottom plots. For each of these histograms, we use 10 uniform bins. the sample size of previously-known types of variables, it can also discover previously unknown variables types and phenomena. These new surveys will shed new light to our understanding of variable objects and related astrophysics. Furthermore, as these surveys continuously monitor variable stars, we can measure changes in periods and instabilities (Turner et al. 2006; Smith 2013; Neilson et al. 2012; Neilson & Ignace 2014) .
In this paper, we present our first results on variable objects from the KMTNet Supernova Program (KSP; Moon et al. 2016 ) from a 20 square degree field toward NGC 2784. KSP is a high-cadence (i.e., several exposures during a 24-h cycle), multi-color (BV I) search program of rapidly-evolving transients at early phases, focusing on discovery and monitoring of infant (i.e., less than a few hours from the explosion) supernovae using ∼ 17% of the entire observing time of the Korea Microlensing Telescope Network (KMTNet; Kim et al. 2016 Kim et al. ) in 2015 Kim et al. -2019 . The high-cadence, multi-color data from KSP using the network of three telescopes of 1.6-m size and 2
• × 2 • FoV, located in Chile, South Africa, and Australia, provides an unprecedented serendipitous opportunity of extending the variable study to the regimes of small amplitudes and faint variables.
We organize our paper as follows: Section 2 includes the details about our observations and data reduction methods; Section 3 describes our analyses of the sources that we identify in their variability, color and period; Section 4 details our classifications of the variable sources, and Section 5 provides a summary of our results alongside our conclusions. of optical transients. The exact coordinates of the fields are available in Park et al. (2016) . The NGC 2784 galaxy group was chosen because of its large sky coverage at the declination of ∼ -24.2
OBSERVATIONS AND DATA

Over
• and a relatively nearby distance of ∼10 Mpc (e.g., Karachentsev et al. 2014) , which makes it a good target for testing the performance of a new facility like the KMTNet with
Days since 2015 a long-monitoring observational campaign as reported here. Additionally, only a handful of low surface brightness dwarf galaxies have been identified from this group (Karachentsev et al. 2014) , while the deep multi-color stacked images obtainable in KSP are ideally suited to finding more such objects. In fact, Park et al. (2016) recently identified more than 30 new dwarf galaxies in this group from the KSP data. We obtained a total of 1379 images almost equally distributed among three different bands of BV I. The average cadences of the observations are 0.29, 0.26 and 0.25 days for B, V , and I, respectively. All images were obtained with 60-s exposure times in the BV I bands, which gave the typical limiting magnitudes of a point source in the images to be ∼ 21.5 magnitudes in all the BV I bands at S/N 5. After flat fielding and the initial correction of CCD cross talks, an astrometic solution was then obtained for each image using the distortion map that we empirically derived for the KMTNet CCD images. We construct a reference image by stacking images taken only under 1. 2 seeing condition or better. From all the B band images, we then subtract the reference image in order to identify candidates of variable sources.
We base our variability analysis in the B filter because fewer objects are saturated in B than in V or I. The candidates are then confirmed to be real after careful investigation of their entire BV I light curves; as a result, we identify a total of 1247 variable point sources in our data.
1 (See Moon et al. (2016) for the details of the KSP data reduction and how reliable transient/variable sources are identified avoiding false alarms.) In addition, for each identified object, we filtered the data to exclude those with exceedingly high magnitude error (> 3 standard deviations above the mean) in either the target or the reference star, and to include only those points which are within 0. 4 of the mode of the offset positions from the target position. We carried out differential photometric calibration of our variable sources using BV i magnitudes of isolated, nearby APASS standard stars from the AAVSO photometric all-sky survey 2 . The AAVSO survey uses the same BV filters as our program, and our analyses showed that our photometric solutions recovered the BV photometry of Figure 9 . B vs. V − I color-magnitude diagram showing all periodic and irregular objects in our sample (all objects in Tables  1 and 2 , classified into their variable types. We use the same legend as in Figure 8 . Three objects (KSP-V419, V729, and V757) are not plotted here as they were not detected in the I band.
AAVSO at the uncertainty level 0.02 magnitudes. We used the i band photometry of the AAVSO survey to obtain the I band photometric solution of our variable sources which recovered i band photometry at the level of 0.04 magnitudes. We believe the small difference in the filter transmission between the i and I bands are responsible for the increased uncertainty in the I band photometric solution. All the standard stars that we used have magnitudes in the range of 15.0-17.0 (B), 14.5-15.7 (V ) and 13.0-15.5 (i) magnitudes, and the typical uncertainty of the magnitudes is ∼0.01 magnitudes. Their brightness stayed constant in all the images obtained by KSP. Figure 1 shows B-band light curves of a sample of 10 variable sources that we identify with noticeably different periods (see below).
VARIABILITY, COLOR AND PERIOD
We use the B-band root mean square (RMS) magnitudes of the variable sources to characterize their overall variability, which has the advantage of not relying on maximum and minimum magnitudes which may be missed by our observations. The RMS values of the B-band magnitudes range between 0.008 and 1.275 magnitudes, while the majority, 1123, belong to the first bin of < 0.135 magnitudes (the top-left plot in Figure 2 ). The number of variable sources declines rapidly as the RMS increases. Figure 3 shows V − I color histograms of the variable sources. We divide the sources into three groups based on the magnitude of their variability: (1) highvariability group of 31 sources that have B-band RMS greater than 0.3 magnitudes; (2) medium-variability group of 265 sources with B-band RMS between 0.05 and 0.3 magnitudes; (3) low-variability group of the remaining sources smaller than 0.05 magnitudes. Four sources in the high-variability group have periods longer than 100 days (see below for period determination). They are very red with V − I 2.0 magnitudes and all of them are saturated at least in one of the BV I bands. We determine the periods of 26 sources in the mediumvariability group between 2 and 51 days, whereas 49 sources in the low-variability group have periods in the range of 2-33 days.
While all the three groups have their histogram peak around V − I 0.5 magnitudes, the relative number of sources redder than V −I 1.0 magnitudes to the total number of sources in each group is much larger in the high-variability group. The high-variability group, therefore, is populated with an increased number of redder sources. Four of the six long-term variable sources in Figure 4 belong to the high-variability group, while the other two belong to the medium-variability group.
We present a color-color diagram in Figure 4 which compares B −V and V −I colors of the variable sources. We use the median magnitudes in each band for color calculation. There is a good correlation between the two colors at V − I < 1.5 magnitudes after which the correlation breaks off with B − V flattened due to saturation. This indicates that the saturation effect becomes more significant in the V and I bands than B, consistent with the interpretation that the brighter sources are more likely to be late types such as giants or supergiants. All the variable sources with periods longer than 50 days (i.e., open circles in Figure 4 ) are at the redder end of the V − I color distribution and are all saturated. This again supports the interpretation that long-term variables are giants or supergiants.
We determine periods of the variable sources showing clear periodicity mainly using Fourier transformation techniques and power-density analyses. (Note that for sources whose period is longer than 60 days, we rely on visual inspection because our observing duration is ∼120 days.) In order to apply the Fourier transformation to our time series we first re-binned the B-band data to an evenly spaced time domain, with time spacing equal to the average cadence. The average time spacing for each source is 0.30 ± 0.05 days. When there is a significant gap in the data, we used the median values of the light curves. Given the sampling rate of ∼0.30 days, we only consider the periods longer than 2 days reliable and exclude those shorter than 2 days in the analyses. As a result, we have 77 sources in total with reliable period determination. In the histogram plots of the periods in Figure 2 (right-hand panels), 55 sources out of 77 are in the first bin with periods shorter than 16.8 days, and the number of sources sharply decreases as period increases. The longest estimated period is ∼150 days, which we determine by visual inspection, while two sources appear to have periods longer than 150 days (see Figures 1 & 7) . (Note that the latter two sources are excluded from the histograms in Figure 2 .) Figure 5 shows power-density spectra of six sources whose light curves are presented in Figure 1 : one rapidly variable source (KSP-V8) and five periodic sources (KSP-V429, V426, V618, V294 and V217). As expected, while the first source does not have any clear power-density peak, the five other sources show prominent low-frequency (< 0.5 day −1 ) peaks. There exist in the figure additional secondary peaks which are symmetrically placed around the frequency of 1 day −1 . Their displacements from the 1 day −1 frequency are equal to the frequencies of their peaks. These sidelobes are caused by the frequency modulations between two periodic signatures from the source and 1-day observing cycle (or earth rotation). Similar behaviours in the power-density spectra caused by frequency modulations between two periodic signals have previously been observed (see Moon & Eikenberry 2001a,b, for examples) . Figure 6 compares the periods of the variable sources with their B-band RMS variability, where we can identify the correlation between the two parameters for long-period, i.e., ≥ 20 days variables. This is because the long-period variables change their brightness more significantly than the short-period counterparts. We note that most of the long-period variables are saturated, indicating that they are mostly from giants or supergiants than main sequence stars. (2) and (3) list the right ascension (R.A.) and declination (Dec.) respectively, columns (4), (5), and (6) list the median magnitudes in the B, V , and I filters respectively, columns (7) and (8) contain the B − V and V − I colors respectively, calculated from the median magnitudes, column (9) denotes the RMS variability in the B filter, and column (10) contains the periods as given by their B filter Fourier spectrum (values denoted with ∼ or > indicate periods estimated by eye; non-values (-) indicate irregular/semi-periodic objects). We use the same acronyms defined in the caption of Figure 1 to represent the different variable types, as listed in column (11).
CLASSIFICATIONS AND VARIABLE TYPES
Out of 1247 variable sources, we are able to classify 121 sources in a reliable manner to be candidates of known variable types and active galactic nuclei (AGN) largely based on the criteria from Samus et al. (2009) Tables 1 and 2 contain parameters of these 121 variable sources that we classify: the former is for the 94 candidates for the types other than eclipsing binary or AGN, including the 77 sources with reliable period determination (Section 3); the latter is for the 27 candidates for eclipsing binary or AGN. We use the SIM-BAD database to confirm 14 sources from Table 1 and 4  sources from Table 2 as previously known variable objects or AGN. These 14 sources from Table 1 include the three Mira types (KSP-V4, V223, V964) and one SR variable (KSP-V757), as we classify (Christiansen et al. 2008) , whereas the remaining 10 sources have either no classification (KSP-V385, V419, V729, V791, V951; Siebert et al. 2011; Cutri et al. 2003; Zacharias et al. 2003) or are classified as just long period variables (KSP-V21, V118, V132, V687, V889; Christiansen et al. 2008) . Two of these 14 previously-known sources have known periods, KSP-V757 with a 59 day period and KSP-V889 with a 36 day period (Christiansen et al. Column (1) lists the id. names of our objects. Columns (2) and (3) list the right ascension (R.A.) and declination (Dec.) respectively, columns (4), (5), and (6) list the median magnitudes in the B, V , and I filters respectively, columns (7) and (8) contain the B − V and V − I colors respectively, calculated from the median magnitudes, column (9) denotes the RMS variability in the B filter, and column (10) includes the estimated depths of the eclipses in the B filter.
2008), although we were unable to calculate the periods of these objects. Among the four previously-known sources from Table 2 , three (KSP-V871, V977, V1099) are classified as eclipsing binaries (Christiansen et al. 2008; Malkov et al. 2006) while the other one (KSP-V981) is an AGN (Jones et al. 2009 ). This shows that our classification is overall in a good agreement with previous results. Table 3 gives the names of the 18 previously known objects as given on SIMBAD.
All the variables with a clear period between 2 and 135 days have B-band RMS variability in the range of 0.021-0.236 magnitudes with the average of 0.054 magnitudes. Their magnitude difference between the maximum and minimum changes in the range of 0.100-0.825 magnitudes. This period range and magnitude difference make them proper candidates for Cepheid variables according to Samus et al. (2009) . Our classification of candidates for Cepheids is indistinguishable between Type I and Type II. Additional careful analysis is required to further classify them into Cepheid subtypes. They mostly belong to the low-or mediumvariability group, and their average period is 11.9 ± 7.8 days -the minimum and maximum are 3.3 and 33.7 days, respectively.
The SR variable candidates are those with smoothly-varying light curves but without any definitive periodicity, sometimes showing evolving periods or even durations of constant magnitude. According to Samus et al. (2009) , SR variables have quite irregular periodicity which ranges from as small as 20 days to greater than 2000 days. This makes it very difficult for us to estimate any reliable periods for our SR variable candidates due to their intrinsic irregularity and periods longer than the duration of our observations. Our close inspection of their light curves show that while a few of them likely have periods shorter than 50 days, a significant portion of them seem to have patterns lasting much longer. The B-band RMS variability of the SR candidates is between 0.028 and 0.322 magnitudes. The three candidates of the Mira-type variables have already been identified as such (Samus et al. 2003 (Samus et al. , 2009 , confirming our classification. The B-band RMS variabilities of the three variables are 0.372, 0.809 and 1.275 magnitudes, respectively, and their periods are 150 days. They have the largest RMS variability as well as longest periods, with very red colors.
We classify two peculiar variable sources to be candidates for RV(B) Tauri variables primarily because their light curves show complex periodicity with potentially more than one period. In other words, while Malkov et al. (2006) This list includes 18 objects in total, with 14 from Table 1 and 4 from Table 2 ; their object id. in this paper is listed in column (1), their name as appearing on SIMBAD is shown in column (2), and their primary reference is listed in column (3). We use the acronyms defined in the caption of Figure 1 to represent the different variable types in column (1). Column (2) lists the number of candidates identified. Columns (3) through (5) show the ranges of B RMS variability, B − V color, and V − I color, respectively, with the mean in parentheses. Column (6) lists the range of periods if known or applicable.
their light curves show that their brightnesses change with a period longer than 120 days, which is our measurement limit for periods, there exists a clear pattern of shorter term variability. These peculiar behaviors belong to those of RV(B) Tauri variables (Samus et al. 2009 ). The B-band RMS variabilities of the two candidates are 0.044 and 0.261 magnitudes, respectively. The 26 candidates for eclipsing binaries are a collection of sources exhibiting constant brightness with clear recurrent sharp dips, which is characteristic of binary stars in eclipsing configuration (Percy 2007) . Their B-band RMS variability is in the range of 0.040-0.211 magnitudes and the average is 0.120 magnitudes. We do not have reliable period measurements of these candidates. The coordinate of the one AGN source overlaps with the previously known coordinate of the AGN 2MASX J09164671-2420414 (Jones et al. 2009 ) which appears as an extended source in our images. Therefore, we believe the variability that we detected from this source is not from a variable star but from the AGN variability (Jones et al. 2009 ).
Following Samus et al. (2009) , we classify the rest of the variable sources in Table 1 to be candidates for 'unstudied variable stars with rapid changes.' (Note that these variables are denoted by the character 'S' in Samus et al. 2009.) These are variable sources that do not belong to the aforementioned types and they do not show reliable periodicities in our light curves. There are 21 such sources in our sample, with the B-band RMS variability of 0.026 ± 0.013 magnitudes. Figure 8 shows a (B − V vs. V − I) color-color diagram of the variable sources denoting their types with different symbols. The 51 Cepheid candidates have a wide range of colors and appear to be independent of them with all members showing V −I color smaller than 2 magnitudes. The SR candidates and Mira variables are very red: the V − I colors of the former vary between 1.21 and 3.58 magnitudes; the latter are > 1.97 magnitudes. This agrees well with their classification because both the types are known to be giants or supergiants of late type stars (Samus et al. 2009 ). The two RV(B) Tauri candidates fall within the relatively red re-gion -their V − I colors are 1.35 and 1.75 magnitudes, respectively -populated by the candidates for the SR variables, again consistent with their classification as radially pulsating supergiants (Samus et al. 2009 ). The V − I colors of the candidates for eclipsing binaries are smaller than 0.77 magnitudes, and the absence of any red source supports the interpretation that in general the increased brightness of giants or supergiants makes it difficult to detect eclipsing dips. The B-band depth of their eclipsing dips changes between 0.130 and 1.080 magnitudes with an average of 0.494 magnitudes. The average is equivalent to ∼0.37 flux ratio, or mean radius ratio of ∼0.61 between the two stars in the binary system.
The 21 candidates for the unstudied type show a wide range of color (V − I = 0.140-1.010 mag) similar to those of the Cepheid candidates. This, together with their B-band RMS variability of ∼0.026 magnitudes, indicates that some of the candidates for the unstudied type may be Cepheids with less convincing light curves. In Table 4 we summarize these candidates and their ranges of parameters for the different classifications. Figure 9 shows a (B vs. V − I) color-magnitude diagram of the classified variable candidates. As above, we use the median magnitudes for each of BV I for the magnitudes and colors in the figure. While some types have clear color dependency, especially the red Mira and SR types as described above, all the types show a wide range of B-band magnitudes without any brightness dependency. For instance the differences in the B-band magnitudes among the Cepheid candidates are as large as five magnitudes. This implies that we are sampling these variable sources distributed through a large volume of space in the given line of sight.
SUMMARY AND CONCLUSION
We conduct analyses of 1247 variable sources found in a 20 square degree field in the direction of NGC 2784 as part of our KMTNet Supernova Program. Below are a summary and conclusion of our results.
• We identify 51 candidates for Cepheids, 17 for SR variables, 3 Mira types, 2 for RV(B) Tauri variables, 26 for eclipsing binaries, 1 active galactic nucleus, alongside 21 unstudied variables with rapid variability. This increases the sample sizes of some of these variable types known in this part of the Galaxy by a large margin, providing statistically important samples for further studies.
• Among the different types of the variables, we find that long-term variables, e.g., Mira types, are red in color and show large RMS variability. This supports the interpretation that substantial long-term variability is more prominent in the giant/supergiant phases of late-type stars.
• Our 26 candidates for eclipsing binaries appear to be color independent without any apparently red candidate, consistent with the expectation that their variability is due to geometrical configuration between two companions in a binary system. We measure the average depth of their eclipsing dips to be 0.494 magnitudes, and this is equivalent to 0.61 ratio in the relative sizes of the radii of the two members.
• Our results demonstrate the power of the KMTNet Supernova Program in studying variable objects of diverse types. The unique high-cadence, i.e., several exposures within 1-day cycle, long-term, multicolor monitoring of large fields with the three 1.6-m telescopes is capable of enabling unprecedented studies of variable objects. Of particular interests of future studies include the potential discovery of previously-unknown types of long-term variables and systematic investigation of some variable types, e.g., Cepheids, in the halo of the Galaxy.
